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Abstract Hearing and its protection is regulated by ATP-evoked Ca2+ signaling in the supporting cells of the organ
of Corti, however, the unique anatomy of the cochlea hampers observing these mechanisms. For the first
time, we have performed functional ratiometric Ca2+ imaging (fura-2) in three different supporting cell
types in the hemicochlea preparation of hearing mice to measure purinergic receptor-mediated Ca2+
signaling in pillar, Deiters’ and Hensen’s cells. Their resting [Ca2+]i was determined and compared in the
same type of preparation. ATP evoked reversible, repeatable and dose-dependent Ca2+ transients in all
three cell types, showing desensitization. Inhibiting the Ca2+ signaling of the ionotropic P2X (omission of
extracellular Ca2+) and metabotropic P2Y purinergic receptors (depletion of intracellular Ca2+ stores)
revealed the involvement of both receptor types. Detection of P2X2,3,4,6,7 and P2Y1,2,6,12,14 receptor mRNAsby RT-PCR supported this finding and antagonism by PPADS suggested different functional purinergic
receptor population in pillar versus Deiters’ and Hensen’s cells. The sum of the extra- and intracellular
Ca2+-dependent components of the response was about equal with the control ATP response (linear
additivity) in pillar cells, and showed supralinearity in Deiters’ and Hensen’s cells. Calcium-induced
calcium release might explain this synergistic interaction. The more pronounced Ca2+ leak from the
endoplasmic reticulum in Deiters’ and Hensen’s cells, unmasked by cyclopiazonic acid, may also suggests
the higher activity of the internal stores in Ca2+ signaling in these cells. Differences in Ca2+ homeostasis
and ATP-induced Ca2+ signaling might reflect the distinct roles these cells play in cochlear function and
pathophysiology.
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8 Abstract Hearing and its protection is regulated by ATP-
9 evoked Ca
2? signaling in the supporting cells of the organ
10 of Corti, however, the unique anatomy of the cochlea
11 hampers observing these mechanisms. For the ﬁrst time, we
12 have performed functional ratiometric Ca
2? imaging (fura-
13 2) in three different supporting cell types in the hemic-
14 ochlea preparation of hearing mice to measure purinergic
15 receptor-mediated Ca
2? signaling in pillar, Deiters’ and
16 Hensen’s cells. Their resting [Ca
2?]i was determined and
17 compared in the same type of preparation. ATP evoked
18 reversible, repeatable and dose-dependent Ca
2? transients
19 in all three cell types, showing desensitization. Inhibiting
20the Ca
2? signaling of the ionotropic P2X (omission of
21extracellular Ca
2?) and metabotropic P2Y purinergic
22receptors (depletion of intracellular Ca
2? stores) revealed
23the involvement of both receptor types. Detection of
24P2X2,3,4,6,7 and P2Y1,2,6,12,14 receptor mRNAs by RT-PCR
25supported this ﬁnding and antagonism by PPADS sug-
26gested different functional purinergic receptor population
27in pillar versus Deiters’ and Hensen’s cells. The sum of the
28extra- and intracellular Ca
2?-dependent components of the
29response was about equal with the control ATP response
30(linear additivity) in pillar cells, and showed supralinearity
31in Deiters’ and Hensen’s cells. Calcium-induced calcium
32release might explain this synergistic interaction. The more
33pronounced Ca
2? leak from the endoplasmic reticulum in
34Deiters’ and Hensen’s cells, unmasked by cyclopiazonic
35acid, may also suggests the higher activity of the internal
36stores in Ca
2? signaling in these cells. Differences in Ca2?
37homeostasis and ATP-induced Ca
2? signaling might reﬂect
38the distinct roles these cells play in cochlear function and
39pathophysiology. 40
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53 PPADS Pyridoxal-5-phosphate-6-azophenyl-20,40-
disulphonic acid
54 RT-PCR Real-time polymerase chain reaction
55 SERCA Sarco/endoplasmic reticulum Ca
2?-ATPase
56
57
58 Introduction
59 Hair cells, the sensory receptors in the organ of Corti are
60 surrounded by a glia-like network of supporting cells
61 including pillar, Deiters’ and Hensen’s cells. After a long
62 inferior role, supporting cells are emerging as central
63 players in the inner ear [1]. They are supposed to help
64 maintaining cochlear homeostasis and also play an
65 important active role in normal functions and pathological
66 processes in hearing like cochlear ampliﬁcation [2, 3] and
67 protection against excessive noise exposure [4]. However,
68 the speciﬁc physiological and pathophysiological role of
69 the different supporting cells and their regulation have not
70 been well explored.
71 ATP signaling has a central role in sensory transduction.
72 By stimulating its seven ionotropic P2X (P2X1–7) and eight
73 metabotropic P2Y (P2Y1–2, P2Y4, P2Y6 and P2Y11–14)
74 receptors, it regulates diverse functions in auditory physi-
75 ology and pathophysiology [5, 6]. Although it is not
76 investigated systematically based on species, age and
77 receptor subtype, there are several lines of evidence
78 showing the presence of P2X and P2Y receptors in the
79 cochlea, including supporting cells of the organ of Corti
80 [5]. Intracellular Ca
2? seems to be the main second mes-
81 senger in ATP-mediated signaling [7–9].
82 ATP is widely distributed in the inner ear [5]. It can be
83 released to the endolymph by the stria vascularis [10, 11]
84 but cells of the organ of Corti also use ATP as a paracrine
85 mediator [12, 13]. Both hemichannel-mediated [13] and
86 Ca
2?-dependent vesicular release were suggested [12] but
87 ATP can also escape from injured hair cells and transfer the
88 information of damage to the surrounding supporting cells
89 [4, 14].
90 Extracellular ATP controls the intercellular Ca
2? waves,
91 which travel through supporting cells and are suggested to
92 take an important part in the regulation of the K
? recycling
93 and repair mechanism in noise trauma [15–17]. Altering
94 the function of this ATP-mediated connexin-based network
95 of the supporting cells results in hearing impairment [2, 18,
96 19].
97 The purinergic transmitter ATP can modify hearing
98 sensitivity through other actions on the supporting cells, as
99 well. ATP may inﬂuence active cochlear micromechanics
100 and the cochlear ampliﬁer via inducing the movement of
101 the stalks, shown on isolated Deiters’ cells [20]. Increase of
102intracellular Ca
2? concentration ([Ca2?]i) also caused the
103immediate movement of the head of the Deiters’ cell’s
104phalangeal process, as it was shown by photorelease of
105caged-Ca
2? [21].
106Although the phenomenon of ATP-evoked intracellular
107Ca
2? response have been shown in different types of
108supporting cells, including Deiters’, Hensen’s and pillar
109cells, these studies did not explore the precise role and
110interplay of the P2X and P2Y receptors and were largely
111performed on isolated cells [21–25] or in neonatal tissue [4,
11216, 26]. Functional Ca
2? imaging studies, which were
113performed on supporting cells in in situ young adult or
114adult preparations, did not show any ATP-evoked Ca
2?
115transient in pillar, Deiters’ or Hensen’s cells [27] or were
116focusing solely on one of the cell types [28, 29],
117respectively.
118A study which investigates both P2X and P2Y receptor-
119mediated purinergic signaling in all three types of cells in
120the same preparation was missing. Functional Ca
2? imag-
121ing measurements in supporting cells of the organ of Corti
122were performed in the in situ hemicochlea preparation from
123hearing mice for the ﬁrst time. The hemicochlea technique
124[30–33] provides a radial perspective for observation of the
125cochlear material that retains the delicate cytoarchitecture
126of the organ of Corti and ensures an advantage over
127experiments on isolated cochlear cells or on tissue prepared
128from mice with immature hearing. Here we measured and
129compared the basal [Ca
2?]i, the ATP-evoked Ca
2? tran-
130sients and the involvement of the ionotropic, extracellular
131Ca
2?-dependent P2X and the metabotropic, intracellular
132store-dependent P2Y signaling of the three supporting cell
133types, in the same experimental model. The results sug-
134gested the role of both P2X and P2Y receptor-mediated
135ATP signaling in all three cell types, but a higher leak of
136Ca
2? from the sarco/endoplasmic reticulum Ca2?-ATPase
137(SERCA)-dependent Ca
2? stores, a possible involvement
138of calcium-induced calcium release (CICR) and a pyri-
139doxal-5-phosphate-6-azophenyl-20,40-disulphonic acid
140(PPADS) insensitivity in Deiters’ and Hensen’s cells,
141compared to the pillar ones.
142Materials and Methods
143Tissue Preparation
144All animal care and experimental procedures were in
145accordance with the National Institute of Health Guide for
146the Care and Use of Laboratory Animals. Procedures were
147approved by the Animal Use Committee of Semmelweis
148University, Budapest and the Institute of Experimental
149Medicine, Hungarian Academy of Sciences. Hemicochlea
150preparations were carried out as described by the Dallos’
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151 lab [30–33]. Acutely dissected cochleae of CD-1 mice from
152 postnatal day 15 (P15) to P21 were used. The onset of
153 hearing in mice is around P10-14 [34]. Majority of physi-
154 ological and structural bases of mice hearing over this age
155 are considered mature [35–38].
156 Following decapitation, the head was divided in the
157 medial plane and the bullae were removed. The bullae were
158 placed in standard experimental solution (composition in
159 mM: NaCl 150; KCl 3.5; CaCl2 1; MgCl2 1; Hepes 7.75;
160 Tris 2.25; glucose 5.55; pH 7.4; 320 mOsm/l), that was
161 continuously gassed with O2. One of the bullae was opened
162 under a stereomicroscope (Olympus SZ2-ST, Olympus
163 Corporation, Philippines) and the cochlea was exposed.
164 The cochlea was dissected from its surrounding bony
165 structures with two forceps, leaving the semicircular canals
166 in place. The medial surface of the cochlea was dried with
167 a small piece of ﬁlter paper, and glued (Loctite 404,
168 Hartford, CT) onto a plastic plate with the diameter of
169 7 mm. Then the cochlea was placed into the cutting
170 chamber of a vibratome (Vibratome Series 1000, Technical
171 Products International Inc., St. Louis, Mo, USA) bathed
172 again into the experimental solution, and cut into two
173 halves through the middle of the modiolus with half of a
174 double-edged razor blade (Wilkinson Sword GmbH, Ger-
175 many). Only the half, glued to the plastic plate was used for
176 imaging. By means of the plastic plate the preparation
177 could be easily handled and mounted to the micromanip-
178 ulator holder.
179 Calcium Imaging
180 The whole procedure was performed at room temperature
181 (22–24 C). First, hemicochleae were incubated with the
182 membrane-permeable AM ester derivative of fura-2
183 (10 lM) in the presence of pluronic F-127 (0.05 %, w/v)
184 for 30 min, then deesteriﬁed in standard experimental
185 solution for 15 min before recording, i.e., rinsed three
186 times in the loading chamber and perfused in the imaging
187 chamber on the microscope stage. Proper positioning of the
188 preparation in the imaging chamber under the microscope
189 objective was ensured by a micromanipulator. The perfu-
190 sion speed was 3.5 ml/min and the fura-2 loaded hemic-
191 ochlea was alternately illuminated by 340 ± 5 nm and
192 380 ± 5 nm excitation light (Polychrome II monochro-
193 mator, TILL Photonics, Germany) during imaging. The
194 emitted light was monitored after passage through a
195 510-nm cut-off ﬁlter (20 nm band-pass). Fluorescent ima-
196 ges were obtained with an Olympus BX50WI ﬂuorescence
197 microscope (Olympus, Japan) with a LUMPlanFl 40x/
198 0.80w water immersion objective (Olympus, Japan),
199 equipped with a Photometrics Quantix cooled CCD camera
200 (Photometrics, USA). The system was controlled with the
201 Imaging Workbench 4.0 software (INDEC BioSystems,
202USA). The image frame rate was 1–2/sec during the ATP-
203and CPA-evoked responses and 0.03–0.1/sec otherwise to
204reduce UV illumination of the dye and the tissue.
205The use of a 409 objective allowed the visualization of
206the organ of Corti in only one cochlear turn in the prepa-
207ration. It is well known that many properties of cells in the
208organ of Corti is determined by their position along the
209cochlear spiral (Fig. 1). We imaged supporting cells in the
210basal turn of the cochlea throughout this study.
211The loading efﬁciency varied between cells, similarly to
212what is generally experienced with bulk loading of AM
213dyes, e.g., with fura-2 AM in brain slice preparations [39,
21440]. Cells in 1–3 layers down the cut surface of the
215hemicochlea were used for ﬂuorescence imaging because
216the signal detection of the ﬂuorescent light was efﬁcient
217from this depth. The focal plane of the experiments was
218chosen to include the utmost pillar, Deiters’ and Hensen’s
219cell with sufﬁcient loading. Regions of interest surrounding
220the whole cells were used to measure average signal
221intensity and calculate [Ca
2?]i (see ‘‘Data Analysis’’
222section).
223Integrity of the preparations was assessed by the gross
224anatomy, the shape and location of the cells, the basal-,
225tectorial- and the Reissner’s membranes and only the intact
226hemicochleae were used for functional imaging measure-
227ments [30, 32]. Dallos et al. [32] showed that various
228cellular structures in the preparation appeared to be viable
229within 1.5-2 h after dissection. Our measurements were
230typically performed within 1.5–1.9 h. In some experiments,
231where four different ATP concentrations were tested in the
232same cells (Fig. 2a) the recordings lasted up to 2.2 h. In
233addition to the morphological criteria, functional properties
234as reversibility, repeatability, dose dependency and recov-
235ery of the ATP response (see the respective sections of the
236‘‘Results’’ section) also supported the viability of the P15-
23721 mouse hemicochlea preparation and its applicability for
238functional Ca
2? imaging in this time window.
239Drug Delivery
240ATP was added to the perfusion for 30 s, which caused a
241characteristic, reversible and repeatable response. The
242volume of buffer in the hemicochlea chamber was about
2431.9 ml. The estimated ATP concentration at the site of the
244preparation in the chamber was about six times lower than
245in the perfusion buffer of ATP as estimated by dilution of
246phenol red.
247Cyclopiazonic acid (CPA) and PPADS were present in
248the perfusion during the 2nd ATP administration (started to
249be perfused 15 min before) in the appropriate experiments.
250Ca
2?-free condition was achieved by the omission of Ca2?
251from the buffer (?1 mM EGTA) with timing of application
252similar to CPA and PPADS application.
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253 Data Analysis
254 The ratio of emitted ﬂuorescence intensity (F340/F380) was
255 calculated and converted into absolute values of [Ca
2?]i.
256 Cell image intensities were background-corrected using a
257 nearby area devoid of loaded cells. Values of [Ca
2?]i in the
258 cells were calculated off-line using the following equation:
259 [Ca
2?]i = Kd 9 Fmax380/Fmin380 x (R - Rmin)/(Rmax - -
260 R), where R is the actual ratio of emission intensity at
261 340 nm excitation to emission intensity at 380 nm excita-
262 tion, Rmin and Rmax are the same ratios at 0 mM or satu-
263 rating [Ca
2?], respectively and Fmax380 and Fmin380 are the
264 ﬂuorescence intensities for 0 mM or saturating [Ca
2?] at
265 380 nm excitation, respectively [41]. The parameters Kd,
266 Fmax380/Fmin380, Rmin, and Rmax, which characterize the
267 system, were determined empirically by means of the
268 Calcium Calibration Buffer Kit with Magnesium #2. Ca
2?
269 transients were measured as the peak amplitude of ATP-
270 evoked elevation of intracellular Ca
2? concentration
271 (D[Ca2?]i in nM; peak–basal; basal means average baseline
272 [Ca
2?]i obtained during a 30–60 s period prior to the
273 respective ATP stimulation). Effect of drugs (and Ca
2?
274 withdrawal) were expressed as the ratio of ATP response in
275 the presence (D[Ca2?]i,2) over the absence (D[Ca
2?]i,1) of
276 the drug (D[Ca2?]i,2/D[Ca
2?]i,1). Desensitization was
277 characterized similarly, i.e., the 2nd ATP transient was
278 related to the 1st one. Normalizing the effect to the 1st
279 response decreases the cellular variability (internal
280standard arrangement). Absorption of PPADS solution
281decreased the emitted light intensity by *20 and *30 %
282at 340 nm and 380 nm excitation, respectively. To avoid
283the consequent distortion in [Ca
2?]i, we have corrected the
284emitted light intensities for the decrease at both wavelength
285in every cell individually before its calculation. Data are
286presented as mean ± standard error of the mean (SEM).
287Number of experiments (n) shows the number of individual
288cells. Every treatment group had cells from at least four
289mice. One-way ANOVA with Bonferroni post hoc test
290were used to determine the signiﬁcance of data. In the
291experiments analysing the effect of both repetition time of
292ATP application and cell type on desensitization two-way
293ANOVA followed by Bonferroni post hoc test was used.
294*p\ 0.05, ** p\ 0.01 or *** p\ 0.001.
295RT-PCR Detection
296Twenty CD-1 mice (P15-19) were decapitated, and the
297bullae were removed from the skull. After opening the
298cochlea, the whole organ of Corti was removed from the
299bony modiolus under the stereomicroscope. The stria vas-
300cularis was peeled off, as well. The tissue was immediately
301collected into Eppendorf tubes cooled on dry ice, then
302stored at -80 C till analysis. In order to decrease the
303preparation time, only the organs of Corti of one side per
304mouse were collected. Total RNA from mouse cochlea
305samples was isolated with Trizol isolation reagent
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Fig. 1 Calcium imaging of the supporting cells in the hemicochlea
preparation of hearing mice. a The upper image shows the organ of
Corti in the basal turn of the cochlea by oblique illumination. The
lower fluorescent images were taken in the same preparation at 340
and 380 nm excitation after bulk loading by fura-2 AM. TM Tectorial
membrane, BM basilar membrane, IHC inner hair cell, PC pillar cell,
OHC outer hair cell, DC Deiters’ cell, HC Hensen’s cell. Scale bars
represent 20 lm. b Basal [Ca2?]i in different supporting cell types of
the organ of Corti. Note the higher resting intracellular Ca2?
concentration in the Hensen’s cells (n = 53) compared to the pillar
(n = 41; **p\ 0.01) and Deiters’ cells (n = 65; ***p\ 0.001)
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306 according to the protocol provided by the supplier (Invit-
307 rogen Life Technologies, Rockville, MD USA). RNA
308 (2 ll) was reverse transcribed with RevertAid First Stand
309 cDNA Synthesis Kit (Invitrogen Life Technologies) as
310 described in previous studies [42, 43]. Primers for ampli-
311 ﬁcation of P2X and P2Y receptor cDNAs were the
312following: for P2X1 (Fwd) 50-CCT TGG CTA TGT GGT
313GCG AGA GTC, (Rev) 30-AGG CAG GAT GTG GAG
314CAA TAA GAG; P2X2 50-ATG GTG CAG CTG CTC
315ATT, 30-AAA CGT GCA GTG CTT CAG; P2X3 50-ATC
316AAG AAC AGC ATC CGT TTC CCT, 30-AGT GTT GTC
317TCA GTC ACC TCC TCA; P2X4 50-ATC GTC ACC GTG
B
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Fig. 2 ATP evoked reversible and repeatable intracellular Ca2?
transients in pillar, Deiters’ and Hensen’s cells. a Upper traces: ATP
evoked intracellular Ca2? transients in each type of supporting cells in
a dose-dependent and repeatable manner. Representative traces show
the responses for increasing doses of ATP (1, 10, 50 and 100 lM;
30 s perfusion; black dots), applied with 20 min intervals in the same
cell. The scale bars indicate the change of [Ca2?]i and the time.
Lower bar graphs: Mean ? SEM of the Ca2? transients evoked by
different concentrations of ATP in the three supporting cell types.
1 lM (light gray bars), 10 lM (gray bars), 50 lM (dark gray bars)
and 100 lM (black bars) of ATP. Pillar cells, n = 4, 3, 41, 2; Deiters’
cells, n = 9, 9, 65, 8; Hensen’s cells, n = 2, 2, 53, 3. b Upper traces:
representative traces of intracellular Ca2? transients evoked by
consecutive perfusion (30 s) of 50 lM ATP (black dots). The ATP
responses were reversible and repeatable in all three cell types, but
repeating the application of ATP in 5 min resulted in the reduction of
the transients, while leaving 20 min before the next application
allowed the response to recover. The scale bars indicate the change of
[Ca2?]i and the time. Lower bar graphs: Reduction of the 2nd ATP-
evoked (50 lM) Ca2? transients was dependent on the time intervals
between repetitions in all three cell types (20, 10 and 5 min; black,
dark and light gray bars, respectively). The respective 5 min-values
differed signiﬁcantly from the 20-min-ones in Deiters’ and Hensen’s
cells and pillar cells also showed a clear tendency of desensitization.
Bars represent the mean ± SEM of the ratio of the 2nd to the 1st
ATP-evoked Ca2? transients (D[Ca2?]i,2/D[Ca
2?]i,1). Pillar cells,
n = 9, 6, 11; Deiters’ cells, n = 14, 9, 20 and Hensen’s cells, n = 20,
4, 8. *p\ 0.05; **p\ 0.01
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318 AAC CAG ACA CA, 30-CCA CGA TTG TGC CAA GAC
319 GGA AT, P2X5 50-TTT CTT CGT GGT CAC CAA CCT
320 GAT, 30-ATT TGT GGA GCT GAA GTG ACA GGT;
321 P2X6 50-CTG TGG GAT GTG GCT GAC TT, 30-TCA
322 AAG TCC CCT CCA GTC AT, P2X7 50-CCA CAA CTA
323 CAC CAC GAG AAA C, 30-ACT TCT TGG CCC TTG
324 ACA TCT T, P2Y1 50-AAG ACC GGT TTC CAG TTC
325 TAC TAC, 30-CAC ATT TCT GGG GTC TGG AAA
326 TCC; P2Y2 50-TGC TGG TGC TGG CCT GCC AGG
327 CAC, 30-GCC CTG CCA GGA AGT AGA GTA CCG;
328 P2Y4 50-ATG AGG ATT TCA AGT TCA TCC TGC, 30-
329 TAG ACC ACG TTG ACA ATG TTC AGT; P2Y6 50-
330 CTG CGT CTA CCG TGA GGA TT, 30-GCT ATG AAG
331 GGC AGC AAG AA; P2Y12 50-CAG GTT CTC TTC
332 CCA TTG CT, 50-CAG CAA TGA TGA TGA AAA CC;
333 P2Y13 50-ATC TTG AAC AAG GAG GCA A, 50-TCT
334 TTT TAC GAA CCC TGT T; P2Y14 50-TAG AGG CCA
335 TAA ACT GTG CTT, 50-AAT TCT TCC TGG ACT TGA
336 GGT; b-actin 50-AGC TGA GAG GGAAATCGTGC-30,
337 50-GAT GGA GGG GCC GGA CTC AT-30.
338 The conditions for ampliﬁcation were as follows: initial
339 denaturation at 95 C for 5 min, hot start at 80 C, then
340 94 C for 1 min, 59 C for 1 min, and 72 C for 1 min for
341 40 cycles, with a ﬁnal extension at 72 C for 5 min. PCR
342 products were analyzed by agarose gel electrophoresis.
343 Materials
344 Fura-2 AM, Pluronic F-127 and Calcium Calibration Buf-
345 fer Kit with Magnesium #2 was obtained from Molecular
346 Probes, USA, cyclopiazonic acid from Alomone Labs,
347 Israel. All other chemicals were purchased from Sigma-
348 Aldrich, USA.
349 Results
350 Ca21 Imaging of Pillar, Deiters’, and Hensen’s Cells
351 in Hearing Mouse Hemicochlea
352 To investigate the mechanism of Ca
2? signaling and the
353 regulatory role of ATP in different supporting cell types of
354 the organ of Corti we developed a reliable method for
355 labeling individual cells and measuring [Ca
2?]i in the
356 unique hemicochlea preparation of P15-21 mice [30–33].
357 The hemicochleae were bulk loaded with fura-2 AM, a
358 ratiometric, high-afﬁnity Ca
2? indicator (Fig. 1a). Only
359 preparations with intact morphology were used (see ‘‘Ma-
360 terials and Methods’’ section). Cells were identiﬁed based
361 on their anatomical location and shape under a 409
362 objective with red light oblique illumination.
363We determined the basal, resting [Ca
2?]i of the sup-
364porting cells in hearing mice at the beginning of every
365recording. Figure 1b shows that the average resting [Ca
2?]i
366in the pillar (61 ± 4 nM, n = 41) and Deiters’ cells
367(58 ± 5 nM, n = 65) was signiﬁcantly lower than in the
368Hensen’s cells (98 ± 10 nM, n = 53). Notably, we found
369nearly 2 folds higher resting [Ca
2?]i in the Hensen’s cells,
370compared with the other two cell types suggesting a cell-
371type speciﬁc intracellular Ca
2? handling mechanism.
372ATP Evoked Reversible and Repeatable Ca
21
373Signals in the Supporting Cells in a Dose-Dependent
374Manner
375In order to test whether ATP, an important regulator of
376Ca
2? signaling in the cochlea, is able to evoke changes in
377the [Ca
2?]i in supporting cells of the organ of Corti in the
378mature hemicochlea, we applied ATP for 30 s in bath
379perfusion.
380ATP evoked characteristic, intracellular Ca
2? transients
381in a dose-dependent manner in the tested 1–100 lM range
382in all three types of supporting cells. The ATP responses
383were reversible and repeatable (Fig. 2a, upper traces).
384Pillar cells showed the lowest sensitivity for ATP, as 1 and
38510 lM of the nucleotide evoked the smallest transients in
386this supporting cell type (vs. the Deiters’ and Hensen’s
387cells; Fig. 2a, bar graphs). Application of 50 lM ATP
388induced a fast rising, uniformly shaped Ca
2? transient
389reliably in all three types of supporting cells (D[Ca2?]i in
390nM; pillar cells: 96 ± 14 nM, n = 41; Deiters’ cells:
391104 ± 9 nM, n = 65; Hensen’s cells: 140 ± 10 nM,
392n = 53), therefore we used this concentration of ATP in
393further experiments. We did not observe any contraction
394based movement in the preparation after ATP application
395(not even in Deiters’ cells).
396Upon repeated application, the ATP response showed a
397reduction, in inverse correlation with the time interval
398between ATP administrations. There was no difference
399between the cell types in this respect (Fig. 2b, bar graphs).
400The reduction was negligible when the ATP applications
401followed each other by 20 min (pillar cells: 3 ± 16 %,
402n = 9; Deiters’ cells: 6 ± 4 %, n = 14; Hensen’s cells:
40313 ± 4 %, n = 20). Compared to that, a signiﬁcant
404reduction in the transients were seen with 5 min intervals
405in Deiters’ and Hensen’s cells (34 ± 8 %, n = 20 and
40651 ± 12 %, n = 8, respectively). The tendency of reduc-
407tion in the transients was also evident in pillar cells
408(40 ± 9 %, n = 11), although the difference between the
40920-min and the 5-min-responses was not statistically sig-
410niﬁcant (Fig. 2b, bar graphs). The 3rd applications of ATP
411has conﬁrmed (Fig. 2b, representative traces), that while
4125 min repetition of ATP resulted in pronounced desensiti-
413zation of the ATP-evoked Ca
2? response, 20 min was
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414 enough for the transient to be recovered. In further
415 experiments, we repeated the ATP stimuli with 20 min
416 intervals.
417 ATP-Evoked Ca
21 Transients were Mediated
418 by Ca21 Influx and Release of Ca21 from Internal
419 Stores in a Cell-Type Specific Manner
420 The calcium ions, building up the ATP-evoked transients,
421 may originate from both extra- and intracellular sources.
422 To explore their involvement we tested the effect of ATP in
423 Ca
2?-free buffer and after depletion of the SERCA-de-
424 pendent intracellular Ca
2? stores in an internal standard
425 type of experimental design (2nd ATP stimulus presented
426 during perturbation of extra- or intracellular Ca
2? sources;
427 see Fig. 3a, b and in ‘‘Materials and Methods’’ section).
428 Ca
2?-free medium (?1 mM EGTA) suppressed the
429 ATP-evoked intracellular Ca
2? signals signiﬁcantly in all
430 three types of cells (Fig. 3a, c), i.e., the D[Ca2?]i,2/
431 D[Ca2?]i,1 ratios were decreased. The inhibition was more
432pronounced in the Deiters’ and the Hensen’s cells (22 ± 8
433and 22 ± 4 % of the 1st ATP response, respectively)
434compared to the pillar cells (38 ± 14 % of the 1st ATP
435response; Fig. 3c). Recovery of the Ca
2? transients for the
4363rd ATP stimulus after readministration of the normal
437solution (data not shown) indicated that the cells preserved
438their integrity and responsiveness.
439The perfusion of the Ca
2?-free medium caused a modest
440decrease in basal [Ca
2?]i of 6 out of 7 (86 %) pillar, 3 out
441of 12 Deiters’ (25 %) and 2 out of 14 Hensen’s (14 %)
442cells.
443The intracellular Ca
2? stores were depleted by the
444speciﬁc SERCA inhibitor CPA (10 lM), which inhibits
445store reﬁlling (Fig. 3b, c). Empty stores hampered the
446ATP-evoked transients signiﬁcantly in all three cell types,
447i.e., the D[Ca2?]i,2/D[Ca
2?]i,1 ratios were decreased. Again,
448the effect was more robust in the Deiters’ and Hensen’s
449cells (18 ± 4 and 8 ± 3 % of the 1st ATP response,
450respectively) than in the pillar ones (33 ± 8 % of the 1st
451ATP response; Fig. 3c). ecovery of the Ca
2? transients
A B
DC
50 nM
[Ca2+]
500 s
Ca2+-free Ca2+-free Ca2+-free
CPA 10 µM CPA 10 µM CPA 10 µM
Pillar cell Deiters’ cell Hensen’s cell Pillar cell Deiters’ cell Hensen’s cell
• = ATP, 50 µM 
• • • • • • • • • • • •
0
50
100
150
Pillar
cells
Deiters’
cells
Hensen’s
cells
CPA evoked ∆[Ca2+]i
∆ [
C
a
2
+
] i
(n
M
) 
Pillar cells Deiters’ cells Hensen’s cells
∆[
C
a
2
+
] i,
2
/ 
∆[
C
a
2
+
] i,
1
**
*
***
*** ***
***
*
1
0.5
0
Fig. 3 ATP-evoked intracellular Ca2? transients are extracellular
Ca2? and intracellular Ca2? store dependent in the supporting cells of
the organ of Corti. a, b The representative traces show the effect of
the omission of extracellular Ca2? (?1 mM EGTA) and perfusion of
10 lM CPA on the ATP-evoked Ca2? transients in the different
supporting cells. Black dots indicate the application of ATP (50 lM).
Ca2?-free and CPA were administered as indicated by the horizontal
lines. c Effect of the withdrawal of Ca2? from the buffer (?1 mM
EGTA; Ca2?-free) and 10 lM CPA on the transients evoked by
50 lM ATP. The interval between the ATP application was 20 min.
Bars represent the mean ± SEM of the ratio of the Ca2? transients in
the presence (2nd ATP response) and in the absence (1st ATP
response) of Ca2? omission/CPA (D[Ca2?]i,2/D[Ca
2?]i,1). Pillar cells,
n = 9, 7, 8; Deiters’ cells, n = 14, 12, 10 and Hensen’s cells, n = 20,
14, 7. *p\ 0.05; **p\ 0.01, ***p\ 0.001. d CPA (10 lM)
increased the basal [Ca2?]i in all three supporting cell types, slightly
in pillar (n = 8) and more in Deiters’ (n = 10) and Hensen’s cells
(n = 7; *p\ 0.05 compared to pillar cells). Bars represent the
mean ? SEM of the peak responses in nM
Neurochem Res
123
Journal : Large 11064 Dispatch : 2-1-2016 Pages : 12
Article No. : 1818
h LE h TYPESET
MS Code : NERE-D-15-00592 h CP h DISK4 4
A
u
th
o
r
 P
r
o
o
f
U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F
452 for the 3rd ATP stimulus after readministration of the
453 normal (no CPA) solution (data not shown) indicated that
454 the cells preserved their integrity and responsiveness.
455 CPA may also be used for characterization of SERCA-
456 dependent intracellular Ca
2? stores by revealing their
457 leakage in the absence of reﬁlling. Indeed, CPA itself,
458 before the 2nd ATP application, increased the [Ca
2?]i in all
459 three cell types (Fig. 3b). There was a modest effect in
460 pillar cells and more pronounced in Deiters’ and Hensen’s
461 cells, suggesting a difference in the regulation of [Ca
2?]i in
462 these supporting cell types, as well (Fig. 3d).
463 Both P2X and P2Y Receptor Subtype mRNAs were
464 Detected in the Organ of Corti: PPADS Revealed
465 Difference in the Functional Purinergic Receptor
466 Population of Pillar versus Deiters’ and Hensen’s
467 Cells
468 In order to determine the possible subtypes of P2 receptors
469 that may be involved in the action of ATP, we measured
470 the mRNA expression of P2X and P2Y receptor subunits in
471 the excised organ of Corti of P15-19 CD-1 mice. The RT-
472 PCR analysis showed the presence of the mRNA of P2X2,
473 P2X3, P2X4, P2X6, P2X7 and P2Y1, P2Y2, P2Y6, P2Y12,
474 P2Y14 receptors in the whole organ of Corti (Fig. 4a). The
475 widely used, broad-spectrum purinergic receptor antagonist
476 PPADS (30 lM) inhibited the 50 lM ATP-evoked Ca2?
477 transients in the pillar cells, but did not inﬂuence them
478 signiﬁcantly in the Deiters’ and Hensen’s cells (Fig. 4b).
479 Discussion
480 Intracellular Ca
2? signals universally serve as second
481 messengers [44], regulating a variety of intra- and inter-
482 cellular processes also in the organ of Corti [8]. The
483 intracellular Ca
2? signaling of the cochlear cells are con-
484 trolled or affected by ATP through purinergic receptors
485 during maturation, physiological sound transduction and
486 under pathological conditions, as well [4, 5, 35, 45, 46].
487 Besides a hormone-like tonic regulation, based on sound
488 exposure-induced release of ATP from the stria vascularis
489 [11], locally releasedATP, as an auto- andparacrine regulator,
490 can modulate purinergic activity in the organ of Corti. ATP,
491 escaped from injured hair cells induces intercellular Ca
2?
492 signaling among the supporting cells [4, 16]. Furthermore, the
493 supporting cells themselves are able to release ATP into the
494 extracellular space through connexin hemichannels [13]. This
495 kind of ATP-mediated paracrine signaling was previously
496 observed in glia and glia-like tissue as well [47–49].
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Fig. 4 RT-PCR analysis reveals the expression of multiple P2X and
P2Y receptor subtypes in the organ of Corti of hearing mice. PPADS
effect indicates different functional purinergic receptor population on
pillar versus Deiters’ and Hensen’s cells. a Total RNA samples from
organs of Corti of one side of twenty P15-19 CD-1 mice each were
reverse transcribed and ampliﬁed by PCR using primers speciﬁc to
P2X and P2Y receptor transcripts. Ampliﬁcation of b-actin (b-act)
was used as an internal control. The identity of the ampliﬁed PCR
products has previously been veriﬁed by sequencing [42]. A 100-bp
DNA ladder (Fermantas, Vilnius, Lithuania) was used to identify PCR
fragment sizes (st). The gel shown is representative of three
independent analysis. mRNAs encoding P2X2, P2X3, P2X4, P2X6,
P2X7, and P2Y1, P2Y2, P2Y6, P2Y12, P2Y14 receptors (black
letters) were present in the organ of Corti. b The widely used, broad-
spectrum purinergic receptor antagonist PPADS (30 lM) inhibited
the ATP (50 lM) response in the pillar cells, while it failed to cause
signiﬁcant effect in the Deiters’ and Hensen’s cells. Bars represent the
mean ± SEM of the ratio of the Ca2? transients in the presence (2nd
ATP response) and in the absence (1st ATP response) of PPADS
(D[Ca2?]i,2/D[Ca
2?]i,1). Pillar cells, n = 9, 9; Deiters’ cells, n = 14,
14 and Hensen’s cells, n = 20, 7. ***p\ 0.001
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497 Investigation of the ATP-regulated Ca
2? signaling is
498 predominantly performed in isolated cells [21–25] or
499 cochlear explants from embrionic or newborn murines [4,
500 16, 26], experimental models which lacks normal tissue
501 organization or contaminated by developmental biological
502 factors. The advantage of our approach is that it allows the
503 comparison of calibrated [Ca
2?]i values of three different
504 supporting cell types (pillar, Deiters’ and Hensen’s)
505 investigated in the same in situ preparation from mature
506 hearing mice [34].
507 The real physiological concentration of ATP directly at
508 the release site and nearby the receptors is only predicted,
509 because of unresolved methodological challenges [50].
510 That is also the case in the organ of Corti [37]. In tissue-
511 cultured supporting cells of newborn animals, locally
512 applied ATP in a nanomolar range elicited repeatable intra-
513 and intercellular Ca
2? oscillation that turned to a slowly
514 declining Ca
2? response above few lM concentrations of
515 ATP [4, 16]. A broad concentration range of ATP was
516 tested (0.01–1000 lM) and used (predominantly 100 and
517 10 lM) in different studies in dissociated supporting cells
518 isolated from mature cochleae [22–25]. The ATP induced
519 intracellular Ca
2? transients were also shown in Deiters’
520 [29] and Hensen’s [28] cells in in situ preparation from
521 adult guinea-pigs, where EC50 for ATP was *50 lM in
522 Hensen’s cells and properties of the 100 lM (puff from
523 pipette) and 1 mM (caged) ATP evoked transients were
524 investigated further. Direct comparison of ATP sensitivity
525 of the supporting cells in different studies is encumbered
526 by the different preparations used and the different ways of
527 ATP applications (different puffs, perfusions and caged
528 release). In our in situ hemicochlea preparation from
529 hearing mice, ATP evoked reversible and repeatable Ca
2?
530 transients in a dose dependent manner in the 1–100 lM
531 range in all the investigated supporting cell types (pillar,
532 Deiters’ and Hensen’s cells). Considering the method of
533 our ATP application (in short perfusion, see ‘‘Materials and
534 Methods’’ section) there is some overestimation of ATP
535 concentration that really reached the receptors on the cells,
536 i.e., the sensitivity of the cells for ATP is supposed to be
537 somewhat higher. However, our data, as they were col-
538 lected from the three different supporting cells under
539 identical conditions, may show reliably the bit lower sen-
540 sitivity of pillar cells, which produced an insigniﬁcant
541 Ca
2? response for 10 lM ATP, contrary to Deiters’ and
542 Hensen’s cells.
543 The amplitudes of the evoked transients and basal Ca
2?
544 concentrations we measured in absolute values (nM) are in
545 the same magnitude published for dissociated Deiters’ and
546 Hensen’s cells of adult guinea-pigs [22, 24], but thorough
547 comparisons are halted by the fact that other studies rather
548 used uncalibrated ratio or DF/F values of single wavelength
549 dyes.
550Repeating the stimulus in 5 and 10 min showed desen-
551sitization of the ATP response in all three cell types what
552have already been observed in isolated Deiters’ and Hen-
553sen’s cells [22, 24]. We have not investigated the mecha-
554nism underlying desensitization in this study. Decrease in
555the amplitude of subsequent responses disappeared at 20
556min stimulation interval, providing the opportunity for
557internal standard experimental arrangement (see ‘‘Materi-
558als and Methods’’ section).
559A straightforward way of separating the ionotropic P2X
560and the metabotropic P2Y receptor-mediated components
561of ATP-evoked Ca
2? responses from each other is with-
562drawing Ca
2? from the extracellular buffer and depleting
563intracellular Ca
2? stores by blocking their SERCA pump,
564respectively. In our experiments both intervention, omis-
565sion of Ca
2? and application of CPA, inhibited the
566response, suggesting the involvement of both the iono-
567tropic- and the metabotropic ATP receptors, in all three cell
568types. This conclusion, although without cell speciﬁcity
569and not on the protein level, was supported by the presence
570of the mRNA of P2X2,3,4,6,7 and P2Y1,2,6,12,14 receptors in
571the organ of Corti of the same preparation.
572Imaging experiments with a broad-spectrum purinergic
573antagonist provided further data regarding the functional
574expression of purinergic receptors in supporting cells.
575PPADS antagonizes several P2X and also some P2Y
576receptors [51, 52]. Its effect in pillar cells and the lack of its
577signiﬁcant effect in Deiters’ and Hensen’s cells suggests
578involvement of distinct functional purinergic receptor
579populations in the ATP response in these cells.
580The inhibitory effect of Ca
2? withdrawal on the ATP-
581evoked Ca
2? transients in pillar, Deiters’ and Hensen’s
582cells was shown in different experimental models of lar-
583gely isolated cells [22–25] and/or in situ preparation [28,
58429], but neither of these studies investigated all three types
585of supporting cells in the same preparation synchronously.
586Probably this is the reason of the relatively broad published
587range of efﬁciency of Ca
2? omission in inhibiting the effect
588of ATP, including even the total abolishment of the
589response in Hensen’s cells [22]. The effect of depletion of
590endoplasmic reticulum (ER) Ca
2? stores was investigated
591much sparsely and in P1-3 rat organ culture preparation [4,
59216]. The measurement of the effect of both interventions in
593the same study, especially in all three cell types in the same
594preparation, was not performed hitherto, according to our
595best knowledge.
596We found that, besides the contribution of extracellular
597Ca
2?, the ATP-evoked Ca2? transients were also depen-
598dent on the intracellular Ca
2? stores, but more strongly in
599the Deiters’ and Hensen’s cells than in the pillar ones. It
600has been shown previously that SERCA pump inhibition by
601thapsigargin or CPA unmasks the leak of Ca
2? from the ER
602in different cell types [53, 54] including glial cells [55].
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603 The magnitude of the leak characterizes the capacity and
604 permeability of the stores and inﬂuences their ﬁlling state
605 which affects the formation of cytosolic Ca
2? signals [56].
606 Thus the more pronounced leak from the ER in Deiters’,
607 and especially in the Hensen’s cells may also indicate the
608 higher activity of the internal stores in Ca
2? signaling in
609 these cells compared to the pillar ones. This may explain
610 the resistancy of basal [Ca
2?]i against Ca
2? withdrawal
611 from the extracellular solution, which showed a reverse
612 tendency, i.e., a decrease in [Ca
2?]i was observed with the
613 highest prevalence in pillar and with the lowest one in
614 Hensen’s cells. The highest leak in Hensen’s cells may also
615 be related to the higher basal [Ca
2?]i of this cell type that
616 could promote the loading of intracellular stores.
617 While in pillar cells the sum of the inhibited portion of
618 the ATP response in the absence of extracellular Ca
2? and
619 in the presence of CPA approximated the amplitude of the
620 control response, the sum of the respective inhibitions in
621 Deiters’ and Hensen’s cells deﬁnitely surpassed that. This
622 supralinear additivity of the extracellular Ca
2?- and Ca2?
623 store-dependent ATP responses, versus the linear additivity
624 in pillar cells, suggests a synergistic interaction between
625 the extracellular Ca
2?- and intracellular store-dependent
626 ATP signaling in Deiters’ and Hensen’s cells. The inter-
627 action may reﬂect calcium-induced calcium release
628 (CICR), where depletion of stores would not simply inhibit
629 the metabotropic P2Y receptor-mediated response, but also
630 prevents the ampliﬁcation by the Ca
2? stores upon P2X
631 receptor activation. And vice versa, omission of Ca
2? from
632 the extracellular space would not simply inhibit the iono-
633 tropic P2X receptor-mediated response, but also abolish the
634 Ca
2? inﬂux that triggers the release of Ca2? from intra-
635 cellular stores. This might also explain the massive inhi-
636 bitory effect of CPA, which seemed even more pronounced
637 than that of the Ca
2? withdrawal.
638 In CICR Ca
2? activates either ryanodine receptors or IP3
639 receptors that are Ca
2? channels of the internal stores.
640 Traditionally, CICR is considered to phenomenon based on
641 ryanodine receptors (RyRs). Ca
2? release from the ER
642 through IP3 receptors is not depending exclusively on Ca
2?
643 alone, but also on the presence of IP3 [57]. CICR based on
644 RyR has already been observed in the cochlea in hair cells
645 and spiral ganglion neurons [58–60], but the role of RyR is
646 controversial in the glia-like cochlear supporting cells.
647 Piazza et al. showed that RyRs are not involved in the
648 purinergic signaling among the supporting cells of rat pups
649 [16], while it was demonstrated that RyR2 proteins are
650 strongly expressed in the cup region of Deiters’ cells in
651 adult rats [61], the intercellular coupling in the Hensen’s
652 cells can be inﬂuenced by the RyR agonist caffeine and
653 ryanodine [62], and the cochlear micromechanics is
654 affected by these two drugs in young guinea pigs [63]. A
655 more recent report by Liang et al. [64] may explain all
656these ﬁndings by showing the age-dependency of RyR
657expression. They have found that RyR receptors were
658missing in the supporting cells of newborn rats, but at the
659age of P10, weak expression of RyRs was present in all
660types of supporting cells at the lesser epithelial ridge, and
661an even more strong expression was observed in adult
662animals. Thus, the involvement of RyR-dependent CICR in
663the ATP-evoked Ca
2? signaling in the Deiters’ and Hen-
664sen’s cells is a reasonable possibility.
665IP3-dependent CICR can be present in those cells in
666which intracellular Ca
2? signaling is largely IP3-dependent
667[65]. In these cell types the initial Ca
2? release sensitizes
668the neighboring ER pools to IP3, resulting in a CICR-like
669signal propagation [66]. IP3 was shown to be an important
670intercellular signaling molecule in the organ of Corti.
671Disturbances in its production impairs hearing [67], and a
672mutation that reduced the permeability of IP3 through gap
673junctions was proven to be resulted in deafness [18]. The
674IP3 receptor-dependent CICR is also in accordance with
675our ﬁndings of crucial involvement of internal Ca
2? stores
676and a CICR-like phenomenon in ATP-evoked Ca
2? sig-
677naling in the Deiters’ and Hensen’s cells.
678Our results suggest that the ATP-evoked Ca
2? signaling
679is quite similar between Deiters’ and Hensen’s cells, con-
680trary, for example to Dulon et al. [22], who showed a
681differential Ca
2? response to ATP between Deiters’ and
682Hensen’s cells, i.e., no release of Ca
2? from internal stores
683in the Hensen’s cells. The pillar cells, which are not
684innervated [23] like Deiters’ and Hensen’s cells [68, 69]
685resembles less to the other two supporting cells of the
686organ of Corti in this respect.
687Conclusion
688Here we have demonstrated that Ca
2? imaging in the
689in situ hemicochlea preparation of hearing mice is a reli-
690able method to characterize ATP-evoked Ca
2? signaling in
691different supporting cell types of the organ of Corti. Our
692results reﬂect more closely the adult in vivo situation than
693the ones acquired in isolated cells or explants from rodents
694with immature hearing and provides experimental condi-
695tion for reliable comparison of different supporting cell
696types. We measured the basal [Ca
2?]i and the leak of Ca
2?
697from SERCA-dependent internal stores and demonstrated
698the ATP signaling in pillar, Deiters’ and Hensen’s cells of
699the organ of Corti and suggested the involvement of both
700the ionotropic P2X and the metabotropic P2Y receptors
701and, in the case of Deiters’ and Hensen’s cells, the possible
702CICR-based synergistic interaction of the two signaling
703pathways. PPADS-sensitivity of the ATP transients in
704pillar cells versus its insensitivity in Deiters’ and Hensen’s
705cells implies various functional purinergic receptor
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706 population in these supporting cells. Differences in the
707 ATP-evoked Ca
2? signaling of the different supporting cell
708 types may reﬂect their distinct role in cochlear
709 pathophysiology.
710 Acknowledgments This work was supported by the Hungarian-
711 French Collaborative R&I Programme on Biotechnologies (TE´T_10-
712 1-2011-0421). We thank Peter Dallos and Claus-Peter Richter for
713 teaching us the preparation of the hemicochlea and La´szlo´ Ko¨les for
714 his advices concerning purinergic receptor pharmacology.
715 References
716 1. Monzack EL, Cunningham LL (2013) Lead roles for supporting
717 actors: critical functions of inner ear supporting cells. Hear Res
718 303:20–29. doi:10.1016/j.heares.2013.01.008
719 2. Zhu Y, Liang C, Chen J et al (2013) Active cochlear ampliﬁca-
720 tion is dependent on supporting cell gap junctions. Nat Commun
721 4:1786. doi:10.1038/ncomms2806
722 3. Yu N, Zho HB (2009) Modulation of outer hair cell electro-
723 motility by cochlear supporting cells and gap junctions. PLoS
724 ONE 4:e7923. doi:10.1371/journal.pone.0007923
725 4. Gale JE, Piazza V, Ciubotaru CD, Mammano F (2004) A
726 mechanism for sensing noise damage in the inner ear. Curr Biol
727 14:526–529. doi:10.1016/j.cub.2004.03.002
728 5. Housley GD, Bringmann A, Reichenbach A (2009) Purinergic
729 signaling in special senses. Trends Neurosci 32:128–141. doi:10.
730 1016/j.tins.2009.01.001
731 6. Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H
732 (2009) Purinergic signalling in the nervous system: an overview.
733 Trends Neurosci 32:19–29. doi:10.1016/j.tins.2008.10.001
734 7. Ko¨les L, Gerevich Z, Oliveira JF et al (2008) Interaction of P2
735 purinergic receptors with cellular macromolecules. Naunyn
736 Schmiedebergs Arch Pharmacol 377:1–33. doi:10.1007/s00210-
737 007-0222-2
738 8. Ceriani F, Mammano F (2012) Calcium signaling in the cochlea-
739 molecular mechanisms and physiopathological implications. Cell
740 Commun Signal 10:20. doi:10.1186/1478-811X-10-20
741 9. Mammano F, Bortolozzi M, Ortolano S, Anselmi F (2007) Ca2?
742 signaling in the inner ear. Physiol (Bethesda) 22:131–144. doi:10.
743 1152/physiol.00040.2006
744 10. White PN, Thorne PR, Housley GD et al (1995) Quinacrine
745 staining of marginal cells in the stria vascularis of the guinea-pig
746 cochlea: a possible source of extracellular ATP? Hear Res
747 90:97–105. doi:10.1016/0378-5955(95)00151-1
748 11. Mun˜oz DJ, Kendrick IS, Rassam M, Thorne PR (2001) Vesicular
749 storage of adenosine triphosphate in the guinea-pig cochlear
750 lateral wall and concentrations of ATP in the endolymph during
751 sound exposure and hypoxia. Acta Otolaryngol 121:10–15
752 12. Wangemann P (1996) Ca2?-dependent release of ATP from the
753 organ of corti measured with a luciferin-luciferase biolumines-
754 cence assay. Audit Neurosci 2:187–192
755 13. Zhao H-B, Yu N, Fleming CR (2005) Gap junctional
756 hemichannel-mediated ATP release and hearing controls in the
757 inner ear. Proc Natl Acad Sci USA 102:18724–18729. doi:10.
758 1073/pnas.0506481102
759 14. Lahne M, Gale JE (2010) Damage-induced cell-cell communi-
760 cation in different cochlear cell types via two distinct ATP-de-
761 pendent Ca2? waves. Purinergic Signal 6:189–200. doi:10.1007/
762 s11302-010-9193-8
763 15. Mistrik P, Ashmore J (2009) The role of potassium recirculation
764 in cochlear ampliﬁcation. Curr Opin Otolaryngol Head Neck
765 Surg 17:394–399. doi:10.1097/MOO.0b013e328330366f
76616. Piazza V, Ciubotaru CD, Gale JE, Mammano F (2007) Purinergic
767signalling and intercellular Ca2? wave propagation in the organ
768of Corti. Cell Calcium 41:77–86. doi:10.1016/j.ceca.2006.05.005
76917. Zhu Y, Zhao H-B (2010) ATP-mediated potassium recycling in
770the cochlear supporting cells. Purinergic Signal 6:221–229.
771doi:10.1007/s11302-010-9184-9
77218. Beltramello M, Piazza V, Bukauskas FF et al (2005) Impaired
773permeability to Ins(1,4,5)P3 in a mutant connexin underlies
774recessive hereditary deafness. Nat Cell Biol 7:63–69. doi:10.
7751038/ncb1205
77619. Zhu Y, Chen J, Liang C et al (2015) Connexin26 (GJB2) deﬁ-
777ciency reduces active cochlear ampliﬁcation leading to late-onset
778hearing loss. Neuroscience 284:719–729. doi:10.1016/j.neu
779roscience.2014.10.061
78020. Bobbin RP (2001) ATP-induced movement of the stalks of iso-
781lated cochlear Deiters’ cells. NeuroReport 12:2923–2926. doi:10.
7821097/00001756-200109170-00034
78321. Dulon D, Blanchet C, Laffon E (1994) Photo-released intracel-
784lular Ca2? evokes reversible mechanical responses in supporting
785cells of the guinea-pig organ of Corti. Biochem Biophys Res
786Commun 201:1263–1269. doi:10.1006/bbrc.1994.1841
78722. Dulon D, Moataz R, Mollard P (1993) Characterization of Ca2?
788signals generated by extracellular nucleotides in supporting cells
789of the organ of Corti. Cell Calcium 14:245–254. doi:10.1016/
7900143-4160(93)90071-D
79123. Chung JW, Schacht J (2001) ATP and nitric oxide modulate
792intracellular calcium in isolated pillar cells of the guinea pig
793cochlea. JARO J Assoc Res Otolaryngol 2:399–407. doi:10.1007/
794s101620010058
79524. Matsunobu T, Schacht J (2000) Nitric oxide/cyclic GMP pathway
796attenuates ATP-evoked intracellular calcium increase in sup-
797porting cells of the guinea pig cochlea. J Comp Neurol
798423:452–461. doi:10.1002/1096-9861(20000731)423:3\452:
799AID-CNE8[3.0.CO;2-Y
80025. Ashmore JF, Ohmori H (1990) Control of intracellular calcium
801by ATP in isolated outer hair cells of the guinea-pig cochlea.
802J Physiol 428:109–131
80326. Anselmi F, Hernandez VH, Crispino G et al (2008) ATP release
804through connexin hemichannels and gap junction transfer of
805second messengers propagate Ca2? signals across the inner ear.
806Proc Natl Acad Sci USA 105:18770–18775. doi:10.1073/pnas.
8070800793105
80827. Lin X, Webster P, Li Q et al (2003) Optical recordings of Ca2?
809signaling activities from identiﬁed inner ear cells in cochlear
810slices and hemicochleae. Brain Res Protoc 11:92–100. doi:10.
8111016/S1385-299X(03)00019-9
81228. Lagostena L, Ashmore JF, Kachar B, Mammano F (2001)
813Purinergic control of intercellular communication between Hen-
814sen’s cells of the guinea-pig cochlea. J Physiol 531:693–706
81529. Lagostena L, Mammano F (2001) Intracellular calcium dynamics
816and membrane conductance changes evoked by Deiters’ cell
817purinoceptor activation in the organ of Corti. Cell Calcium
81829:191–198. doi:10.1054/ceca.2000.0183
81930. Edge RM, Evans BN, Pearce M et al (1998) Morphology of the
820unﬁxed cochlea. Hear Res 124:1–16
82131. Richter CP, Evans BN, Edge R, Dallos P (1998) Basilar mem-
822brane vibration in the gerbil hemicochlea. J Neurophysiol
82379:2255–2264
82432. Hu X, Evans BN, Dallos P (1999) Direct visualization of organ of
825corti kinematics in a hemicochlea. J Neurophysiol 82:2798–2807
82633. Keiler S, Richter CP (2001) Cochlear dimensions obtained in
827hemicochleae of four different strains of mice: cBA/CaJ,
828129/CD1, 129/SvEv and C57BL/6J. Hear Res 162:91–104.
829doi:10.1016/S0378-5955(01)00374-4
83034. Ehret G (1976) Development of absolute auditory thresholds in
831the house mouse (Mus musculus). J Am Audiol Soc 1:179–184
AQ5
AQ6
Neurochem Res
123
Journal : Large 11064 Dispatch : 2-1-2016 Pages : 12
Article No. : 1818
h LE h TYPESET
MS Code : NERE-D-15-00592 h CP h DISK4 4
A
u
th
o
r
 P
r
o
o
f
U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F
832 35. Tritsch NX, Bergles DE (2010) Developmental regulation of
833 spontaneous activity in the mammalian cochlea. J Neurosci
834 30:1539–1550. doi:10.1523/JNEUROSCI.3875-09.2010
835 36. Beutner D, Moser T (2001) The presynaptic function of mouse
836 cochlear inner hair cells during development of hearing. J Neu-
837 rosci 21:4593–4599
838 37. Housley GD, Marcotti W, Navaratnam D, Yamoah EN (2006)
839 Hair cells—beyond the transducer. J Membr Biol 209:89–118.
840 doi:10.1007/s00232-005-0835-7
841 38. von Gersdorff H, Borst JGG (2002) Short-term plasticity at the
842 calyx of held. Nat Rev Neurosci 3:53–64. doi:10.1038/nrn705
843 39. Fekete A, Franklin L, Ikemoto T et al (2009) Mechanism of the
844 persistent sodium current activator veratridine-evoked Ca2? ele-
845 vation: implication for epilepsy. J Neurochem 111:745–756.
846 doi:10.1111/j.1471-4159.2009.06368.x
847 40. Zelles T, Franklin L, Koncz I et al (2001) The nootropic drug
848 vinpocetine inhibits veratridine-induced [Ca2?]i increase in rat
849 hippocampal CA1 pyramidal cells. Neurochem Res
850 26:1095–1100
851 41. Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of
852 Ca2? indicators with greatly improved ﬂuorescence properties.
853 J Biol Chem 260:3440–3450
854 42. Sperla´gh B, Szabo´ G, Erde´lyi F et al (2003) Homo- and
855 heteroexchange of adenine nucleotides and nucleosides in rat
856 hippocampal slices by the nucleoside transport system. Br J
857 Pharmacol 139:623–633. doi:10.1038/sj.bjp.0705285
858 43. Papp L, Bala´zsa T, Ko¨falvi A et al (2004) P2X receptor activation
859 elicits transporter-mediated noradrenaline release from rat hip-
860 pocampal slices. J Pharmacol Exp Ther 310:973–980. doi:10.
861 1124/jpet.104.066712
862 44. Bootman MD, Collins TJ, Peppiatt CM et al (2001) Calcium
863 signalling—an overview. Semin Cell Dev Biol 12:3–10. doi:10.
864 1006/scdb.2000.0211
865 45. Mammano F (2013) ATP-dependent intercellular Ca2? signaling
866 in the developing cochlea: facts, fantasies and perspectives.
867 Semin Cell Dev Biol 24:31–39. doi:10.1016/j.semcdb.2012.09.
868 004
869 46. Housley GD, Jagger DJ, Greenwood D et al (2002) Purinergic
870 regulation of sound transduction and auditory neurotransmission.
871 Audiol Neurootol 7:55–61
872 47. Voigt J, Grosche A, Vogler S et al (2015) Nonvesicular release of
873 ATP from rat retinal glial (Mu¨ller) cells is differentially mediated
874 in response to osmotic stress and glutamate. Neurochem Res
875 40:651–660. doi:10.1007/s11064-014-1511-z
876 48. Vardjan N, Zorec R (2015) Excitable astrocytes: Ca(2 ?)- and
877 cAMP-regulated exocytosis. Neurochem Res. doi:10.1007/
878 s11064-015-1545-x
879 49. Scemes E, Spray DC (2012) Extracellular K? and astrocyte sig-
880 naling via connexin and pannexin channels. Neurochem Res
881 37:2310–2316. doi:10.1007/s11064-012-0759-4
882 50. Lazarowski ER, Boucher RC, Harden TK (2003) Mechanisms of
883 release of nucleotides and integration of their action as P2X- and
884 P2Y-receptor activating molecules. Mol Pharmacol 64:785–795.
885 doi:10.1124/mol.64.4.785
886 51. von Ku¨gelgen I (2006) Pharmacological proﬁles of cloned
887 mammalian P2Y-receptor subtypes. Pharmacol Ther
888 110:415–432. doi:10.1016/j.pharmthera.2005.08.014
889 52. Gever JR, Cockayne DA, Dillon MP et al (2006) Pharmacology
890 of P2X channels. Pﬂu¨gers Arch Eur J Physiol 452:513–537.
891 doi:10.1007/s00424-006-0070-9
89253. Hofer AM, Curci S, Machen TE, Schulz I (1996) ATP regulates
893calcium leak from agonist-sensitive internal calcium stores.
894FASEB J 10:302–308
89554. Dyachok O, Tufveson G, Gylfe E (2004) Ca2?-induced Ca2?
896release by activation of inositol 1,4,5-trisphosphate receptors in
897primary pancreatic b-cells. Cell Calcium 36:1–9. doi:10.1016/j.
898ceca.2003.11.004
89955. Beck A, Zur Nieden R, Schneider H-P, Deitmer JW (2004)
900Calcium release from intracellular stores in rodent astrocytes and
901neurons in situ. Cell Calcium 35:47–58
90256. Camello C, Lomax R, Petersen OH, Tepikin AV (2002) Calcium
903leak from intracellular store—the enigma of calcium signalling.
904Cell Calcium 32:355–361. doi:10.1016/S0143416002001926
90557. Endo M (2009) Calcium-induced calcium release in skeletal
906muscle. Physiol Rev 89:1153–1176. doi:10.1152/physrev.00040.
9072008
90858. Beurg M, Haﬁdi A, Skinner LJ et al (2005) Ryanodine receptors
909and BK channels act as a presynaptic depressor of neurotrans-
910mission in cochlear inner hair cells. Eur J Neurosci
91122:1109–1119. doi:10.1111/j.1460-9568.2005.04310.x
91259. Grant L, Slapnick S, Kennedy H, Hackney C (2006) Ryanodine
913receptor localisation in the mammalian cochlea: an ultrastructural
914study. Hear Res 219:101–109. doi:10.1016/j.heares.2006.06.002
91560. Morton-Jones RT, Cannell MB, Housley GD (2008) Ca2? entry
916via AMPA-type glutamate receptors triggers Ca2?-induced Ca2?
917release from ryanodine receptors in rat spiral ganglion neurons.
918Cell Calcium 43:356–366. doi:10.1016/j.ceca.2007.07.003
91961. Morton-Jones RT, Cannell MB, Jeyakumar LH et al (2006)
920Differential expression of ryanodine receptors in the rat cochlea.
921Neuroscience 137:275–286. doi:10.1016/j.neuroscience.2005.09.
922011
92362. Sato Y, Handa T, Matsumura M, Orita Y (1998) Gap junction
924change in supporting cells of the organ of Corti with ryanodine
925and caffeine. Acta Otolaryngol 118:821–825
92663. Bobbin RP (2002) Caffeine and ryanodine demonstrate a role for
927the ryanodine receptor in the organ of Corti. 174:172–182
92864. Liang Y, Huang L, Yang J (2009) Differential expression of
929ryanodine receptor in the developing rat cochlea. Eur J His-
930tochem 53:249–260
93165. Hajno´czky G, Hager R, Thomas AP (1999) Mitochondria sup-
932press local feedback activation of inositol 1,4, 5-trisphosphate
933receptors by Ca2?. J Biol Chem 274:14157–14162
93466. Sheppard CA, Simpson PB, Sharp AH et al (1997) Comparison of
935type 2 inositol 1,4,5-trisphosphate receptor distribution and sub-
936cellular Ca2? release sites that support Ca2? waves in cultured
937astrocytes. J Neurochem 68:2317–2327
93867. Rodriguez L, Simeonato E, Scimemi P et al (2012) Reduced
939phosphatidylinositol 4,5-bisphosphate synthesis impairs inner ear
940Ca2? signaling and high-frequency hearing acquisition. Proc Natl
941Acad Sci USA 109:14013–14018. doi:10.1073/pnas.1211869109
94268. Fechner FP, Burgess BJ, Adams JC et al (1998) Dense innerva-
943tion of Deiters’ and Hensen’s cells persists after chronic deef-
944ferentation of guinea pig cochleas. J Comp Neurol 400:299–309.
945doi:10.1002/(SICI)1096-9861(19981026)400:3\299:AID-
946CNE1[3.0.CO;2-3
94769. Burgess BJ, Adams JC, Nadol JB (1997) Morphologic evidence
948for innervation of Deiters’ and Hensen’s cells in the guinea pig.
949Hear Res 108:74–82. doi:10.1016/S0378-5955(97)00040-3
AQ7
AQ8
Neurochem Res
123
Journal : Large 11064 Dispatch : 2-1-2016 Pages : 12
Article No. : 1818
h LE h TYPESET
MS Code : NERE-D-15-00592 h CP h DISK4 4
A
u
th
o
r
 P
r
o
o
f
Journal : 11064
Article : 1818 123
the language of science
Author Query Form
Please ensure you fill out your response to the queries raised below and return this form along
with your corrections
Dear Author
During the process of typesetting your article, the following queries have arisen. Please check your typeset proof carefully
against the queries listed below and mark the necessary changes either directly on the proof/online grid or in the ‘Author’s
response’ area provided below
Query Details Required Author’s Response
AQ1 Please confirm whether the corresponding author affiliation is correctly identified and amend if
necessary.
AQ2 Please check and confirm the author names and initials are correct. Also, kindly confirm the details in the
metadata are correct.
AQ3 Please confirm the section headings are correctly identified.
AQ4 Please check and confirm the inserted citation of Fig. 1 is correct. If not, please suggest an alternative
citation. Please note that figures should be cited in sequential order in the text.
AQ5 Please note that references 11 and 49, 30 and 41, and 35 and 46 are same, so the duplicate references [41,
46, 49] are deleted and are renumbered and cited accordingly. Kindly check and confirm.
AQ6 Kindly provide appropriate DOI for the references [20, 36, 46].
AQ7 Kindly check and confirm the article title for the reference [39, 54].
AQ8 Kindly provide journal title and also check and confirm article title for the reference [63].
A
u
th
o
r
 P
r
o
o
f
